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BACKGROUND: Climate change has marked implications for the burden of infectious diseases. However, no studies have estimated future projections
of climate change–related excess morbidity due to diarrhea according to climate change scenarios.
OBJECTIVES: We aimed to examine temperature-infectious gastroenteritis associations throughout Japan and project temperature-related morbidity
concomitant with climate change for the 2090s.
METHODS:Weekly time series of average temperature and morbidity for infectious gastroenteritis cases in the period 2005–2015 were collated from
the 47 Japanese prefectures. A two-stage time-series analysis was adopted to estimate temperature-infectious gastroenteritis relationships. Time series
of present and future average daily temperature ﬂuctuations were projected for the four climate change scenarios of representative concentration path-
ways (RCPs) according to ﬁve general circulation models. Excess morbidity for high and low temperatures and the net change in the period 1990–
2099 were projected for each climate change scenario by assuming the absence of adaptation and population alterations.
RESULTS: In the period 2005–2015, 11,529,833 infectious gastroenteritis cases were reported. There were net reductions in temperature-induced
excess morbidity under higher emission scenarios. The net change in the projection period 2090–2099 in comparison with 2010–2019 was −0:8%
(95% empirical conﬁdence interval [eCI]: −2:3, 0.5) for RCP2.6, −3:8% (95% eCI: −6:1, −1:7) for RCP4.5, −5:1% (95% eCI: −7:7, −2:8) for
RCP6.0, and −9:1% (95% eCI: −15:5, −4:2) for RCP8.5, and the higher the emissions scenario, the larger the estimates reductions. Spatial heteroge-
neity in the temperature-morbidity relationship was observed among prefectures (Cochran Q test, p<0:001; I2 = 62:0%).
CONCLUSIONS: Japan may experience a net reduction in temperature-related excess morbidity due to infectious gastroenteritis in higher emission sce-
narios. These results might be because the majority of temperature-related diarrhea cases in Japan are attributable to viral infections during the winter
season. Further projections of speciﬁc pathogen-induced infectious gastroenteritis due to climate change are warranted. https://doi.org/10.1289/
EHP4731
Introduction
Climate change is a key threat to human health across the globe and
a challenge for public health practice (Watts et al. 2018). The fre-
quency of climate change-related disasters has increased by 46%
since 2000 (Watts et al. 2018). Economic losses due to climate-
related events, which amounted to $129 billionUSD in 2016, have
similarly grown since 1990 (Watts et al. 2018). Several countries
have begun evaluating vulnerabilities to climate change, establish-
ing adaptation and mitigation methods, and distributing climate data
to health services. However, the spread and degree to which these
actions will shield populations from increasing health risks associ-
ated with climate change is unclear (Patz et al. 2005). Although
recent evidence suggests that progress has been made in improving
health resilience to climate eﬀects and that climate change may
markedly elevate temperature-related mortality (Benmarhnia et al.
2014; Gasparrini et al. 2017; Hajat et al. 2014; Lee and Kim 2016),
potential eﬀects of climate on morbidity must be estimated, and the
future impact of health threats arising from climate change may dif-
fer among diseases.
Diarrhea is an example of a global health problem that will not
likely be solved by future economic development (WHO 2014). In
2015, an estimated 526,000 deaths due to diarrhea occurred among
children younger than 5 years of age (Liu et al. 2016). A recent
study estimated that in 2016, diarrhea cases and deaths were re-
sponsible for more than 40 million disability-adjusted life-years
(DALYs) among children younger than 5 years of age (Troeger
et al. 2018). Although the incidence of diarrheal disease may be
undermined by environmental changes such as climate change,
which damage urban infrastructure and reduce the overall avail-
ability of water (World Health Organization 2014), diarrheal dis-
ease transmission is complex and depends on a number of factors
(Prüss et al. 2002), comprising both host susceptibility and envi-
ronmental components (Guerrant et al. 2013; Walker et al. 2013).
Additionally, infectious diarrhea can arise as a result of a variety
of pathogens whose relative importance varies regionally (Kotloﬀ
et al. 2013; Walker et al. 2013). Therefore, previous studies that
have aimed to quantify the burden of diarrhea have encountered
problems with data quality and model speciﬁcity (Liu et al. 2016;
Troeger et al. 2018). Nevertheless, as diarrhea is a leading cause
of death and illness globally among children younger than 5 years
of age (Troeger et al. 2018), studies on diarrhea are paramount for
improving prediction estimates and aiding in the prioritization of
mitigation and adaptation policies in the future.
The increase in concern about climate change over recent deca-
des has led to the emergence of evidence supporting a relationship
between climate and the incidence of diarrhea (World Health
Organization 2014; Pachauri et al. 2014; Shuman 2010). In Japan,
norovirus and rotavirus are two of the main causes of diarrhea in
children (Thongprachum et al. 2015, 2016). Norovirus is a
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predominant winter virus, showing a marked peak in November
and December with continual detection through the month of May.
In contrast, rotavirus is most common in February and March
(Thongprachum et al. 2015, 2016). Additionally, several studies
conducted in Japan have reported that the overall prevalence of nor-
ovirus and rotavirus infection is 13.2–40.7% and 5.0–42.2%, respec-
tively, with the number of detected cases increasing with each
winter in Japan (Thongprachum et al. 2015, 2016). A recent sys-
tematic review and meta-analysis showed a positive association
between ambient temperature and all-cause diarrhea and bacte-
rial diarrhea, but no association with viral diarrhea (Carlton
et al. 2016). A large-scale modeling study that assessed projec-
tions of climate change-related rises in diarrhea based on 5 em-
pirical studies and 19 climate models suggested that climate
change will bring increases in the risk of diarrhea. However,
this study also found uncertainties related to projections of diar-
rhea due to climate change (Kolstad and Johansson 2011).
Moreover, a systematic analysis of data from the Global
Burden of Disease Study removed climate change as a global
health risk factor due to insuﬃcient empirical evidence for cli-
mate–diarrhea relationships (Lim et al. 2012). These ﬁndings sug-
gest that climate change may raise heat-related diarrhea incidence,
while concomitantly reducing cold-related diarrhea incidence.
Although several studies have reported climate-related mortality
due to diarrhea (World Health Organization 2014), to our knowl-
edge, no studies have estimated future projections of climate
change-related excess morbidity due to diarrhea according to cli-
mate change scenarios. Furthermore, the degree to which the antici-
pated reduction in cold-related diarrhea incidence can counter the
rise in heat-related diarrhea incidence remains to be determined.
Therefore, a more comprehensive understanding by modeling
future projections of climate change-related diarrhea might help to
facilitate the development of climate change mitigation and adapta-
tion strategies and public health policies.
Here, we aimed to project the eﬀect of climate change on
temperature-attributable diarrhea morbidity using national sur-
veillance data from all infectious gastroenteritis cases in Japan.
Methods
Study Design
We used a two-steps time-series modeling framework for pro-
jections of climate change eﬀects on health, described in detail
elsewhere (Gasparrini et al. 2017; Vicedo-Cabrera et al. 2019).
Brieﬂy, in the ﬁrst step, we used a time-series analysis to assess
the association between observed data on temperature and
weekly morbidity due to infectious gastroenteritis in all 47
Japanese prefectures. Additionally, we acquired historical
(1960–2005) and projected (2006–2099) average daily temper-
ature time series according to climate change scenarios of the
four representative concentration pathways (RCPs), RCP2.6,
RCP4.5, RCP6.0, and RCP8.5, using ﬁve general circulation
models (GCMs) (Warszawski et al. 2014). In the second step,
we computed historical and future projections of excess mor-
bidity in diarrhea attributable to temperature under each RCP
using the estimated temperature–morbidity association curve,
and modeled temperature and morbidity projections.
Ethics Approval
The contents of this study were approved by the Ethics Committee
of the Kyushu University Graduate School of Medical Sciences.
Given that this was a retrospective observational study referring
speciﬁcally to the use of deidentiﬁed national surveillance data,
therewas no requirement to acquire informed consent.
Data Sources
We obtained national surveillance data on infectious gastroenteri-
tis cases reported in the period 2005–2015 in all 47 prefectures of
Japan from the National Institute of Infectious Diseases (NIID),
Ministry of Health, Labour and Welfare, Japan. Infectious gastro-
enteritis became a notiﬁable disease in 1999 and is under system-
atic surveillance according to the Infectious Disease Control Law
in Japan. Such surveillance is contributed to by ∼3,000 sentinel
medical institutions, which comprise approximately 8% of the total
number of pediatric hospitals and clinics in Japan (Onozuka et al.
2010; Onozuka andHashizume 2011; Onozuka 2014). A case deﬁ-
nition of infectious gastroenteritis comprises clinical symptoms of
sudden stomach ache, vomiting, diarrhea, dehydration, fever, nau-
sea, and electrolyte abnormality. Although a report of the number
of infectious gastroenteritis cases is generally required everyweek,
this law does not necessitate sentinel medical institutions to dis-
close laboratory test data. The clinical data are reported electroni-
cally to the NIID, and the NIID’s computer system is used to check
and validate the data for consistency.
Additionally, we obtained data on average daily tempera-
tures and precipitation for the period 2005–2015 from the Japan
Meteorological Agency. Representative data were obtained from
a single weather station located in an urban region of the capital
city of each prefecture. Hourly measurements across 24 h were
averaged to obtain average daily temperatures and precipitation.
Additionally, we calculated the weekly means for average tem-
perature and precipitation. Average weekly temperature was
used as the main exposure index. Average weekly precipitation
was used as the confounding factor because it may be a major
driver of waterborne acute infectious gastroenteritis and because
it may also evolve in the future due to climate change.
Scenario Models
We projected future temperature-related infectious gastroenteritis
under four climate change scenarios according to models of climate
change and morbidity. We acquired climate historical and projected
time-series data for average daily temperatures from the database
developed by the Inter-Sectoral Impact Model Intercomparison
Project (ISI-MIP). This database includes time series ofmodeled av-
erage daily temperatures for historical (1960–2005) and projected
(2006–2099) periods (Warszawski et al. 2014). Historical and pro-
jections of average daily temperatures were developed according to
GCMs (Warszawski et al. 2014). We used the four RCP scenarios
(RCP2.6, RCP4.5, RCP6.0, and RCP8.5), as detailed in the ﬁfth
IPCC report (van Vuuren et al. 2011a). The ISI-MIP used ﬁve pub-
licly available representative GCMs (GFDL-ESM2M, HadGEM2-
ES, IPSL-CM5A-LR, MIROC-ESM-CHEM, and NorESM1-M) to
reconstruct daily temperature series under each GCM, and these
models were chosen as the representatives of the various GCMs
developed in the ﬁfth phase of the Climate Model Intercomparison
Project (CMIP5) (Taylor et al. 2012; Warszawski et al. 2014).
GCMs were developed by considering the diﬀerences in the impact
of climate change at varying levels of global warming according to
the four RCPs to produce the highest and lowest end-of-century
forcings (Warszawski et al. 2014). The model outputs are adjusted
for bias and reduced to 0:5 × 0:5 spatial resolution (Warszawski
et al. 2014). The modeled daily temperature time series for each
prefecture in the projection period 1990–2099 was obtained by
linking the coordinates with the appropriate grid cells containing
the climate projections. From the daily mean temperature time
series, we also derived the weekly average of mean temperature.
When themodeled weekly temperature series are applied to expo-
sure–response relationships estimated using observed weekly time
series for average daily mean temperature, deviations between the
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modeled and observed weekly temperature series may produce bi-
ased results in the impact projections. Thus, we corrected the mod-
eled daily temperature series using the bias-correction method,
which recalibrated using themonthly mean observed daily tempera-
ture series (Hempel et al. 2013). This bias-correction approach pre-
serves the long-term absolute temperature change in the simulations
(Hempel et al. 2013).We computed the projectedweekly time series
of infectious gastroenteritis cases, showing the average weekly
observed number across each year of the projection period (1990–
2099).
Statistical Analysis
Predicting the exposure-response relationships. We used two-
stage time-series analysis to estimate the prefecture-speciﬁc non-
linear lag impact of temperature on infectious gastroenteritis, as
described previously (Gasparrini et al. 2015, 2017; Vicedo-
Cabrera et al. 2019). Brieﬂy, in the ﬁrst stage, we investigated the
association between temperature and infectious gastroenteritis in
each prefecture through quasi-Poisson regression and distributed
lags nonlinear models (DLNMs). We modeled the cross-basis
function of weekly mean temperature with natural cubic spline
function for the temperature dimension with three internal knots at
the 10th, 75th, and 90th percentile of the prefecture-speciﬁc tem-
perature distributions.We also included a natural cubic B-spline of
time with 8 degrees of freedom per year to account for seasonal
and long-term variations. Given that delayed eﬀects of temperature
on diarrhea have been known to be approximately 1 month (2 to 5
wk for food poisoning (Bentham and Langford 2001); 1 month for
diarrhea (Checkley et al. 2000); 4 wk for noncholera diarrhea
(Hashizume et al. 2007); 3 to 4 wk for infectious gastroenteritis
(Onozuka et al. 2010; Onozuka and Hashizume 2011); 5 wk for
Salmonella (Kovats et al. 2004); 6 wk for Campylobacter and
Escherichia coli (Fleury et al. 2006; Naumova et al. 2007)), we
examined lag periods of up to 4 wk (28 d) for temperature using a
natural cubic-spline function with 3 internal knots place at equal
distance in log scale (Gasparrini et al. 2010).Weeklymean precipi-
tation was used as the confounding factor and was modeled using a
natural cubic-spline function with 3 internal knots place at equal
distance in log scale. The average dispersion parameter was 11.8,
suggesting overdispersion.
In the second stage, we combined prefecture-speciﬁc esti-
mates using multivariate meta-regression models to predict the
association between nationwide nonlinear temperature and mor-
bidity (Gasparrini et al. 2012). Additionally, the spatial heteroge-
neity in temperature–morbidity curves may be partly explained
as eﬀect modiﬁcation by prefecture-speciﬁc factors (Gasparrini
and Armstrong 2013). To account for the eﬀect modiﬁcation
attributed to diﬀerent temperature distributions between prefec-
tures, prefecture-speciﬁc gross domestic product (GDP), mean
temperature, and temperature range were also included in the model
as meta-predictors. We then derived the best linear unbiased predic-
tion of the overall cumulative associations between temperature and
morbidity in each prefecture. The best linear unbiased prediction
represented a trade-oﬀ between the prefecture-speciﬁc association
and the prefecture-pooled association. This approach enabled areas
with a small number of weekly cases or a short time series to use in-
formation from larger populations sharing similar characteristics.
This analysis method was detailed previously (Gasparrini et al.
2017; Vicedo-Cabrera et al. 2019).
Projection of the effect on morbidity. We projected excess
morbidity due to temperature using the weekly temperature and
morbidity time-series model by assuming the absence of adapta-
tion and population alterations, according to previous studies
(Gasparrini et al. 2015, 2017; Onozuka and Hagihara 2017).
Brieﬂy, we determined the minimum morbidity temperature with
lowest total cumulative relative risk between temperature and in-
fectious gastroenteritis between the 1st and 99th percentile of the
prefecture-speciﬁc temperature distribution. We used the mini-
mum morbidity temperature as a reference to calculate the attrib-
utable risk by recentering the natural cubic spline. The resulting
value was deﬁned as the optimal temperature. The total attribut-
able number of infectious gastroenteritis cases as a result of nonopti-
mal temperatures was calculated as the sum of contributions from all
weeks in the series. The ratio of this value to the total number of infec-
tious gastroenteritis caseswas deﬁned as the total attributable fraction.
Factors contributing to the low and high temperatures were deter-
mined by combining the subsets correlating to weeks with tempera-
tures under or over the minimum morbidity temperature. The excess
morbidity for individual prefectures and combinations of GCMs and
RCPs were estimated. Subsequently, attributable fractions were cal-
culated as GCM-ensemble averages based on the decade and RCP,
with the respective total number of infectious gastroenteritis cases as
the denominator. Using Monte Carlo simulations, empirical conﬁ-
dence intervals (eCIs) and the uncertainty in the predicted association
between the exposure–lag–response and climate projections among
GCMs were calculated. Details of this method were described previ-
ously (Gasparrini et al. 2017).
For sensitivity analysis, temperature–morbidity relationships
were estimated by creating a synthetic daily time series of outcome.
We generated a daily series for infectious gastroenteritis cases by
assigning uniform daily outcome counts within each week. The
choice to perform the sensitivity analysis at daily level was moti-
vated by our aim to evaluate the information in the observed distri-
bution (especially the variability) of the daily mean temperature.
This information has been used in the bias-correction procedure,
which is an important step in deriving projection of health impact.
We computed the projected daily time series of infectious gastroen-
teritis cases, projecting the average synthetic daily counts across
each year of the projection period (1990–2099). In a diﬀerent type
of sensitivity analysis, we used exposure–response curves calcu-
lated using weekly data, but we calibrated the projected time series
of daily mean temperature using the observed distribution of daily
mean temperature, and the time series of daily outcome were pro-
jected using uniform distribution of events within a week. For both
simulations, we calculated prefecture-speciﬁc attributable fractions
using the same procedure for the main analysis. All statistical analy-
ses were conducted using the dlnm and mvmeta packages in R (ver-
sion 3.5.1; RDevelopment Core Team).
Results
Between 1 January 2005 and 31 December 2015, a total of
11,529,833 infectious gastroenteritis cases were reported in the
47 prefectures of Japan, and the average weekly temperature was
15.6°C. The annual mean incidence per 100,000 population was
818.5, ranging from 348.4 in Okinawa to 1,878.3 in Oita (Table
S1). The prefecture-speciﬁc average weekly temperature was
9.5°C in Hokkaido (a major prefecture in the northern part of
Japan), 16.7°C in Tokyo (a metropolitan prefecture), 17.1°C in
Osaka (the second largest metropolitan prefecture), and 17.4°C in
Fukuoka (a major prefecture in the southern part of Japan), and
Japanese prefectures experienced a variation in the average daily
temperature (Figure 1, Figure S1 and Table S1). The minimum
morbidity temperature was identiﬁed as the 72nd percentile for
temperature at the national level, with prefecture-speciﬁc means
of 18.2°C in Hokkaido, 23.0°C in Tokyo, 23.1°C in Osaka, and
23.1°C in Fukuoka (Figure 1).
The current variation in average temperature (2010–2019)
and the projected rise at the end of the 21st century (2090–2099)
in Japan according to the four RCP scenarios are shown in Figure
S2. The projections show a clear marked increase in average
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Figure 1. Temperature and excess morbidity in diarrhea in diﬀerent climates. Hokkaido, Tokyo, Osaka, and Fukuoka Prefecture were selected because these
are most populous prefectures of Japan, respectively. The top panels indicate the estimated exposure–response associations between the relative risks [95% em-
pirical conﬁdence intervals (eCI)], with minimum morbidity temperature used as reference, and the two portions identifying increased risks for cold and heat.
The dashed part of the curve represents the extrapolation beyond the maximum temperature observed in the period 2010–2019 (dashed vertical line). The mid
panels indicate the distribution of the modeled daily temperature series for the current period (2010–2019, light gray area) and at the end of the century (2090–
2099, dark gray area), projected using a speciﬁc climate model (NorESM1-M) and scenario (RCP8.5). The bottom panels indicate the related distribution of
excess morbidity in diarrhea, expressed as the excess morbidity (%) related to nonoptimal temperatures compared with minimum morbidity temperature.
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temperatures under high-end emission scenarios (RCP6.0 and
RCP8.5); however, this increase slowed or tended to be reduced
after a number of decades under climate change scenarios that
assume greenhouse-gas mitigation policies (RCP2.6 and RCP4.5)
(Figure S2). A decrease in greenhouse-gas emissions by the end
of the 21st century may avert warming in Japan, with an average
rise in temperature of 0.6°C (range: 0.4, 0.9) under RCP2.6, 1.8°
C (range: 1.4, 2.2) under RCP4.5, and 2.5°C (range: 1.8, 3.0)
under RCP6.0 in comparison with 4.1°C (range: 3.0, 4.9) under
RCP8.5. The respective data from each prefecture are shown in
Figures S3 and S4.
The total cumulative exposure–response curves (best linear
unbiased predictions) showing the relative risk of infectious gas-
troenteritis according to temperature in the Japanese prefectures
are summarized in Figure S5, along with the relevant lowest mor-
bidity temperature and extreme temperature thresholds. The over-
all cumulative risk for infectious gastroenteritis showed generally
a unimodal distribution at lower temperature and tended to
increase at higher temperature. There was heterogeneity in the
temperature–morbidity relationship across prefectures (Cochran
Q test, p<0:001; I2 = 62:0%).
Projected patterns in heat- and cold-related excess morbidity
in diarrhea in Japan according to three RCPs are summarized in
Figure 2 and Table 1. Our ﬁndings demonstrated a similar pattern
of a decrease in cold-related morbidity in diarrhea and slight rise
in excess morbidity as a result of heat across the RCP scenarios.
The projections showed steeper gradients for RCP8.5, whereas
shallower trends were observed for scenarios that assumed miti-
gation strategies across the 21st century. Our results projected a
steep decrease in cold-related excess morbidity in diarrhea from
62.5% (95% eCI: 57.4, 65.6) in the period 2010–2019 to 49.5%
(95% eCI: 42.0, 57.1) in the period 2090–2099 under warming
scenarios (RCP8.5), whereas the gradient gradually decreased
under RCP2.6, ranged from 62.6% (95% eCI: 57.4, 65.5) in the
period 2010–2019 to 61.2% (95% eCI: 56.0, 64.9) in the period
2090–2099. The heat-related excess morbidity in diarrhea was
projected to rise from 5.7% (95% eCI: 4.4, 6.8) to 9.7% (95%
eCI: 4.9, 12.0) under RCP8.5 across the same period, whereas the
gradient gradually increased under RCP2.6, ranged from 5.8%
(95% eCI: 4.4, 6.9) in the period 2010–2019 to 6.3% (95% eCI:
4.7, 7.6) in the period 2090–2099. The respective data from each
prefecture are shown in Figures S6 and S7.
Temporal changes in excess morbidity in diarrhea in Japan
according to three RCPs are shown in Figure 3 and Table 1. We
found that the net diﬀerence in excess morbidity in comparison
with the period 2010–2019 decreased gradually by the end of the
21st century, and a net reduction in temperature-related excess
morbidity due to infectious gastroenteritis ranged from −0:8%
(95% eCI: −2:3, 0.5) for RCP2.6 to −9:1% (95% eCI: −15:5,
−4:2) for RCP8.5 in the period 2090–2099. The respective data
from each prefecture are shown in Figure S8 and Tables S2–S5.
Although most prefectures were projected to experience a net
reduction under RCP8.5, we found no signiﬁcant net reduction in
Okinawa prefecture.
We performed a sensitivity analysis to evaluate the exposure–
outcome association at daily basis, and the estimated exposure–
response curves of the daily analysis were similar to the weekly one
(Figures S5 and S9, respectively). We consider also a second sensi-
tivity analysis on which the exposure–response curves were calcu-
lated using weekly data, but we calibrated the projected time series
of daily mean temperature using the observed distribution of daily
mean temperature, andweprojected the time series of daily outcome
using uniform distribution of events within a week. The estimates of
attributable fractions for the period 2010–2019 obtained using the
main and sensitivity analyses are reported in Tables S6-S8. The
results of the sensitivity analysis are consistent with the main analy-
sis and conﬁrm the highest impact of cold with respect to heat. The
excess morbidity calculated under the two sensitivity analyses are
Figure 2. Trends in heat- and cold-related excess morbidity in diarrhea in Japan. The graph indicates the excess morbidity by decade as a result of heat and
cold for three climate change scenarios (RCP2.6, RCP4.5, and RCP8.5). Estimates are presented as GCM-ensemble average decadal fractions. Shaded regions
indicate 95% empirical conﬁdence intervals (eCIs). GCM, general circulationmodel; RCP, representative concentration pathway.
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reported in Tables S9 and S10 and showed a similar pattern of the
estimates usingweekly counts data (Table 1).
Discussion
We estimated future projections in temperature-related excess
morbidity due to infectious gastroenteritis throughout Japan using
ﬁve GCMs and four RCPs. Our models projected a net decrease
in temperature-related excess morbidity due to infectious gastro-
enteritis under higher emission scenarios in Japan. Our ﬁndings
suggest that climate change may decrease the incidence of infec-
tious gastroenteritis in Japan.
Our study showed that climate change may potentially lead to
a net reduction in temperature-related infectious gastroenteritis in
Japan. Our ﬁndings also predicted a marked decrease in cold-
related excess morbidity in diarrhea under higher emission sce-
narios and a relatively mild rise in heat-related excess morbidity
in diarrhea in Japan. These results are in agreement with recent
reports based on long-term data on the scale of centuries to mil-
lennia of human epidemic events, which suggest that cooling,
rather than warming, increases the incidence of human epidemics
(Büntgen et al. 2016; Tian et al. 2017; Zhang et al. 2011). In con-
trast, a previous global study derived from shorter-term data pro-
jected a substantial increase in the risk of climate change-related
diarrhea in six geographical regions (Kolstad and Johansson
2011). However, it is diﬃcult to assess the evidence presented in
this global study because it did not relate the ﬁnal results to pres-
ent disease burden. Additionally, future socioeconomic and de-
mographic changes may decrease the eﬀect of temperature on
diarrheal disease transmission. Moreover, the discrepancy may
Figure 3. Deviations in excess morbidity in diarrhea in Japan over time. The graph indicates the change in excess morbidity by decade in comparison with
2010–2019 for three climate change scenarios (RCP2.6, RCP4.5, and RCP8.5). Estimates are presented as GCM-ensemble averages. Black vertical areas indi-
cate 95% empirical conﬁdence intervals (eCIs) of the net change. GCM, general circulationmodel; RCP, representative concentration pathway.
Table 1. Heat-related, cold-related, and net excess morbidity in diarrhea (%) with 95% empirical Confidence Interval (eCI) by period under four climate change
scenarios (RCP2.6, RCP4.5, RCP6.0, and RCP8.5) in Japan. Heat-related and cold-related morbidity were estimated using a two-stage time-series regression
model with quasi-Poisson family (Gasparrini et al. 2017). Estimates are presented as GCM-ensemble average decadal fractions.
Scenario Effect
Period
2010–2019 2050–2059 2090–2099
RCP2.6 Heat 5.8 (4.4, 6.9) 6.6 (4.9, 8.1) 6.3 (4.7, 7.6)
Cold 62.6 (57.4, 65.5) 60.7 (54.9, 64.7) 61.2 (56.0, 64.9)
Net — −1:1 (−3:0, 0.3) −0:8 (−2:3, 0.5)
RCP4.5 Heat 5.7 (4.3, 6.8) 7.0 (5.2, 8.3) 7.3 (5.2, 8.9)
Cold 62.9 (57.7, 65.9) 59.4 (54.1, 63.2) 57.4 (51.7, 61.6)
Net — −2:1 (−3:8, 0.1) −3:8 (−6:1, −1:7)
RCP6.0 Heat 5.7 (4.3, 6.8) 6.7 (4.9, 8.0) 8.1 (5.5, 10.2)
Cold 63.1 (57.9, 66.2) 59.9 (54.5, 63.4) 55.5 (49.5, 60.2)
Net — −2:2 (−3:6, −0:6) −5:1 (−7:7, −2:8)
RCP8.5 Heat 5.7 (4.4, 6.8) 7.4 (5.3, 9.0) 9.7 (4.9, 12.0)
Cold 62.5 (57.4, 65.6) 57.5 (51.9, 61.4) 49.5 (42.0, 57.1)
Net — −3:4 (−5:6, −1:8) −9:1 (−15:5, −4:2)
Note:—, no data; GCM, general circulation model; RCP, representative concentration pathway.
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also be because most previous studies that have investigated the
impact of climate change on the prevalence of diseases mainly
used short-term data (4 to 9 y). Our results emphasize the impor-
tance of further investigation into projections of global warming
and the associated eﬀect on morbidity due to infectious gastroen-
teritis by adjusting for future socioeconomic and demographic
factors and more long-term data than are currently available.
Outdoor temperature may aﬀect the various pathogens impli-
cated in diarrheal diseases in diﬀering ways in diﬀerent regions.
Evidence in Japan indicates an association between norovirus and
rotavirus infection and low temperatures in comparison with the low
number of cases detected in the summer months (Thongprachum
et al. 2015, 2016). Recently, a systematic review and meta-analysis
demonstrated a positive association between ambient temperature
and the incidence of bacterial diarrhea, but not viral diarrhea
(Carlton et al. 2016). These results suggest that the majority of
temperature-related diarrhea cases in Japan are attributable to viral
infections during the winter season. Our ﬁndings of a net reduction
in infectious gastroenteritis due to global climate change are there-
fore biologically and geographically plausible in Japan or other
countries in which the great majority of instances of infectious gas-
troenteritis are of viral origin. However, we were unable to assess
pathogen-speciﬁc eﬀects in our modeling, and the associations
reported in our study cannot be extrapolated directly to the countries
in which bacterial infectious gastroenteritis comprises a larger frac-
tion of cases. Given that bacterial and viral organisms may exhibit
varying responses to the impact of climate change, our ﬁndings
likely demonstrate the eﬀect of themost frequent cause of viral infec-
tious gastrointestinal disease.Moreover, our study demonstrated sig-
niﬁcant spatial heterogeneity in the temperature–morbidity
relationship among prefectures, suggesting that the eﬀect of climate
change on the incidence of diarrheal diseases may diﬀer depending
on the region as a result of spatial variability in the distribution of
pathogens (Carlton et al. 2016). However, to generalize the eﬀect of
climate change without accounting for pathogen characteristics may
not be accurate, and the actual association of temperature with diar-
rheal pathogens may be more complex, including speciﬁc clinical
features such as duration, severity, dysentery, febrile illness, and
vomiting (Platts-Mills et al. 2015). Further, the latency period of in-
fectious gastroenteritis diﬀers according to the pathogens, and these
diﬀerences may also indicate a need for comparisons using various
diﬀerent distributions. Our ﬁndings should therefore be interpreted
with this in mind, and additional studies are needed to determine the
possible future impact of climate change on speciﬁc pathogen-
mediated infectious gastroenteritis in diﬀerent regions and countries.
Our ﬁndings suggest that variations in temperature-related
excess infectious gastroenteritis in Japan are proportional to the
degree of global warming modeled in each of the RCP emission
scenarios.We found that the largest net decrease in excess morbid-
ity occurred for RCP8.5, which assumes very high greenhouse gas
emissions (Pachauri et al. 2014). In contrast, the net decrease in
excess morbidity was lower for RCP2.6, which assumes a limited
increase in global average temperatures of 2°C following climate-
change adaptation and mitigation policies (van Vuuren et al.
2011b). Although a recent study in Africa has reported that climate
change may increase diarrheal disease outbreaks (Alexander et al.
2018), the direction and magnitude of this impact on morbidity
may in fact diﬀer in areas. There is insuﬃcient knowledge about
climate eﬀects on diﬀerent types of diseases, and our results
emphasize the importance of further investigations into projections
of global warming and the associated impacts on mortality and
morbidity due to diﬀerent pathogens.
Our results have practical implications for reﬁning or adjust-
ing estimates for climate change–related infectious gastroenteritis
in future public health policies. Our study projects the greatest
reduction in net excess infectious gastroenteritis morbidity in
Japan due to climate change under higher emission scenarios.
The majority of the excess morbidity was attributable to low tem-
peratures, and heat was associated only with a small fraction of
excess morbidity. Additionally, the reduction in temperature-
related net excess morbidity is expected to be signiﬁcant in sce-
narios of high greenhouse gas emissions. These ﬁndings are im-
portant because there may be no speciﬁc public health action for
climate and diarrhea, and the current international dialog should
be advised that the impact of climate change on diarrhea may
vary by types of diseases and areas.
This study had several limitations. First, it was not possible to
consider information about individual factors, such as demographic
factors and socioeconomic status, in our analysis because of diﬃcul-
ties in collecting data. Thus, social and economic vulnerabilities
were not accounted for in our projections of temperature-related
morbidity associations for climate change scenarios. Assessing the
association between temperature and diarrhea and stratifying by
these factors would provide a better understanding of the future
impact of temperature–diarrhea relationships. Additionally, future
climate change–related diarrheal disease burden may depend on
future emission scenarios as well as alterations in socioeconomic
and demographic trends and public health interventions (Gething
et al. 2010; Hodges et al. 2014). Temperature-related social or be-
havioral trends, such as treatment-seeking behaviors, the prevalence
of coinfections, and infant care practices, may also alter the eﬀect of
climate change on the epidemiology of acute infectious gastroenteri-
tis (Pitzer et al. 2011). Therefore, our results should not be inter-
preted as predictions of future excess morbidity but rather of
possible outcomes for each of the speciﬁed but theoretical scenarios.
Second, our projections are subject to uncertainty due to variation in
the climate models and lack of precision in the estimated exposure–
response association (Benmarhnia et al. 2014). Moreover, our ﬁnd-
ings are restricted to the range of observable temperature data for
present climate conditions, and a key assumption for the projections
of the infectious gastroenteritis burden into the future is that the
shape of associations stay the same over time. Although this
assumption is likely adequate for short-term estimations of the eﬀect
of climate on health, evidence suggests that temperatures will sur-
pass currently observed ranges, the consequences ofwhich on health
will be diﬃcult to estimate (Mora et al. 2013). Third, there may be
biases in our results because we could not adjust for immunity to
and probability of person-to-person transmission and variations of
infectious gastroenteritis in the susceptible population. Variations
due to immunity to and the transmissibility of infectious diseases in
the at-risk population may bias estimates of associations with tem-
perature (Imai et al. 2015; Imai andHashizume 2015). Additionally,
poor immunity and the chance of transmissibility could increase in
the next decademainly due to aging of the population, and this eﬀect
may oﬀset the eﬀect of the increase in temperature in Japan. These
potential biases may aﬀect the interpretation of our results.
Additional studies using more precise modeling methods are
required to resolve these issues. Future studies should consider these
important points.
Conclusions
In summary, our study projected a net reduction in temperature-
related excess morbidity due to infectious gastroenteritis in Japan
under higher-emission climate-change scenarios. Insuﬃcient knowl-
edge about climate eﬀects on diﬀerent types of diseases and areas is
available, and further studies on longer-term projections of speciﬁc
pathogen-induced infectious gastroenteritis due to climate change
by adjusting for future demographic changes and adaptation are
warranted.
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